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The Size of the Trachea in Warm-Blooded Animals, and its 
Relationship to the Weighty the Surface Area, the Blood 
Volume, and the Size of the Aorta, 

By Geoeges Dee yer, William Eay, and E. W. Ainley Walkee. 

(Commmiicated by Francis Gotch, F.R.S. Received September 30, — 

Read December 5, 1912.) 

(From the Department of Pathology, University of Oxford.) 

The analysis of data collected in connection with the investigation of a 
number of problems in immunity has led to a series of results, in part 
already published, bearing upon the blood and circulation. The conclusion 
was reached that in certain caises a precise and definite relationship to the 
body surface exists in warm-blooded animals in accordiance with the formula 
W^ja = k, where W is the body weight of the animal, a represents the mass of 
the body fluid, tissue, or organ under investigation, ^ is a constant, and the 
value of n is approximately 0'70-0*72. 

In view of the fact that the carriage of oxygen is one of the chief 
functions of the circulation, and that the volume of the blood (1), (2), and 
the aortic area (3), (4), (area of cross-section of aorta), have been shown by 
us to be proportional to the body surface in warm-blooded animals, while^ as 
we have also found, the total oxygen capacity is the main factor in deter- 
mining the size of the heart (5), it appeared to be of interest to examine the 
size of the channel by which the oxygen gains access to the lungs. 

Accordingly, the trachea was measured in two species of mammal and one 
bird, namely, guinea-pig, rabbit, and ptarmigan. The animals used were 
healthy individuals in good condition, not previously experimented upon, 
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and many of them were made use of at the same time for measuring the size 
of the aorta. The guinea-pigs and rabbits had all been kept in the laboratory 
under as equable conditions as possible as regards food, etc. Pregnant 
animals were, of course, excluded. The ptarmigan were purchased from a 
game dealer, and were carefully selected. 

if^i^Aot^s.-r-The technique employed was identical with that described in a 
previous paper (4) for the determination of the size of the aorta. The 
internal ttt oi the trachea was carefully measured at a point just above its 
bifurcation, and from this the radius and the sectional area were determined. 
As we, have pointed out before (4), the method made use of is open to 
considerable experimental error, but this is greatly reduced by multiplying 
the number of individual observations of e^ch trachea, and also diminishes 
greatly with increasing practice. The body weights recorded are the natural 
weights (in grammes) of the animals immediately before they were killed, 
and consequently include the weight of the contents of the alimentary canal. 









Table I.- 
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Observations. — In Table I are given the figures and calculations for 
16 guinea-pigs, ranging in weight from 70 to 640 grm. (i,e, increasing more 
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than ninefold). From this table it is seen that, as would be expected, the 
tracheal area (sectional area of the trachea) increases much more slowly 
than the body weight, so that the ratio of the tracheal area to the body 
weight decreases steadily as the weight of the animal increases. But it 
appears on calculation that the body weight (W) to the nt\i power (where n 
is approximately 0*70-0*72) divided by the sectional area (T) is a constant Qc). 

This gives the formula W'^/T = h, which indicates that the tracheal area 
{area of the cross-section of the trachea) is a simple function of the surface of the 
hody, since, as we have shown, the body surface may be determined accurately 
from the formula S = A;.W'* by taking n to be approximately 0*70-0*72 
instead of f , as was done by Meeh (6). 

Table I further shows that the average value of h is 23*4, corresponding to 
an n of 0*72, which is by calculation the best n for these observations, and 
that if the tracheal area be calculated from the formula T = W^/Jcj using 
these values for oi and k, the average percentage deviation of the observed 
from the calculated values is 18*2. If, on the other hand, the sectional area 
is expressed in percentage of body weight (0*908), the average deviation 
between the calculated and the observed values is 25*1 per cent. 

It may be stated further that if the value 0*71 is taken for n, the average 
value of Jc becomes 21*5. 

To bring out the various points more clearly, as well as to get rid of 
irregularities due to individual variations in the animals and to experimental 
errors, the animals have been grouped in Table II. 

The guinea-pigs are arranged in five groups according to weight, and the 
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weights, the tracheal radii, and the tracheal areas of the animals in each 
group averaged. The other figures are calculated from these average values. 

It is found that, under these circumstances, the hest n is 0*71, and the 
average value of h is 21*3. Using these values for n and h, the average 
deviation between the calculated and the observed figures is 5*46 per cent., 
while it is 22*49 per cent, if the tracheal area (T) be calculated as a 
percentage (0*965) of body weight. If the value of n be taken as 0*70, k is 
20*1, but, if n be taken as 0*72, k becomes 22*5, and the corresponding 
average percentage deviation is 5*76 instead of 5*46. If, however, the 
appropriate allowance be made for the number of individuals in each group, 
the percentage deviations become 4*22 (with n = 0-72) and 4*24 (with 
n = 0*71). So that the value 0*72 for n is in reality slightly better than 
0*71, as it was in the case of the individual animals. 

Further, it will be observed that, while the k exhibits no periodic variation 
as the weight of the animal increases, the tracheal percentage (tracheal area 
expressed in per cent, of body weight) decreases very greatly and with 
absolute regularity from 1*51 to 0*671. 











Table III. — Kabbit (individuals). 
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Table III gives the figures and calculations for the tracheas of 13 rabbits 
(tame) ranging in weight from 940 grm. to 2970 grm. {i.e. increasing more 
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than threefold). The average tracheal constant (k) is 12*5 with an n of 
0*70, which is the best n for these observations, and the average tracheal: 
percentage is 0*873. It is seen that, as was the case in the guinea-pigs,, 
the variations of the tracheal constant show no periodicity, but the tracheal- 
percentage falls markedly, though not quite regularly (from 1 -084 to 0*684). 
If the tracheal area (T) is calculated by our formula, the average deviation 
between the calculated and the observed figures is 6*43 per cent, while-; 
it is 13*39 per cent, (more than twice as great) when the area is ealculated- 
in per cent, of body weight. If the value 0*71 be taken ioi n, the value of h 
becomes 13*4. , 

Table I V.-^Eabbit (grouped). 
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In Table IV the rabbits are arranged in the usual way in five groups. As- 
in the case of the individual observations the best ^/i is 0*70, giving an average 
h of 12*5. The variations in the tracheal constants (for the groups) are small 
and are non-periodic, while the tracheal percentage falls with absolute- 
regularity from 1*04 in the lightest group to 0*72 in the heaviest group. 
Using the values just stated for n and A;, the average percentage deviation, 
of the observed from the calculated figures is 1*28, while it is 10*91 (more- 
than eight and a-half times as large) if the area be calculated as a percentage- 
of the body weight. If n is taken as 0*71, 'k becomes 13*4. 

Table Y gives the figures for the tracheas of 10 ptarmigan purchased from 
a game-dealer. They had been shot for the market, and exhibit the greatest 
range of weight that we were able to obtain, namely, from 460 grm. ta 
710 grm. The average tracheal constant (A;) is 7*45 with an ?i (best '?^) of 
0*71, and the average tracheal percentage is 2*16. The variations of the- 
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Table Y.- 


—Ptarmigan (individuals) 
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.tracheal constant show no periodicity, but the tracheal percentage decreases 
steadily, although not regularly, from 2*25 in the lightest, to 1'97 in the 
heaviest animal. When the tracheal area (T) is calculated by our formula 
the average deviation of the observed from the calculated values is 2*42 per 
cent., while it is 4*2 per cent, (nearly twice as great) if the area be 
calculated in per cent, of body weight. If the value of n be taken as 
0*70 Aj becomes 7'0, and iin be 0*72 yfc is 7*93. 
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In Table VI the ptarmigan are arranged in five groups in the usual 
manner. In this case, as in that of the individual observations, the best n 
is 0*71, giving an average value for k of 7*44, The variations of the 
tracheal constant are without periodicity, but the tracheal percentage falls 
gradually, and quite regularly, from 2*25 to 2*02. Using the above values 
for n and Jc, the average deviation between the calculated and the observed 
figures is 0*77 per cent., while it is 3*44 per cent, (four and a-half times 
as great) if the area be calculated in per cent, of body weight. If the 
value of ^Z' be taken as 0*70, k becomes 6*98, and if n be 0*72, k is 6*93. 

As regards the question of sex it is to be observed that, in the present series 
of observations, the average k for male animals is somewhat larger than 
average k for the females. That is to say, the females had slightly wider 
tracheas than the males. 

In Table VII are tabulated the main results obtained, in such a manner as 
to show at a glance the range of weight, the best n, the value of k, the 
percentage deviation, and so forth, for each species of animal, both grouped 
and ungrouped. It will be seen from the averages brought out at the foot of 
the table that, taking the species together, the average percentage deviation 
for the individual animals between the calculated and the observed figures for 
the tracheal area is 9*02, when the calculation is made in terms of the body 
surface, while it is 14*23 when the area is expressed as a percentage of the 
body weight. The corresponding figures for the grouped animals are 2*5 
and 12*28 respectively, a deviation nearly five times as large. 

Just as was seen in our measurements of the aorta, the method used in 
measuring these tracheas is, in the nature of the case, much less exact 
than that employed by us in measuring the blood volume, and therefore 
gives much larger figures for the percentage deviation, yet this deviation 
is found to be reduced to very nearly the same extent in each case by 
grouping the animals ; of course, reckoning by the body surface throughout. 
Thus, in the present instance, the ratio between individual and grouped 
percentage deviations is 9*02/2*5, i,e, 3*6, while in the other two cases it 
was shown to be 3*2. 

The mean deviation between the calculated and the observed values, as 
determined by the method of least squares for the three species (grouped 
individuals), is 7*08 per cent, for the guinea-pigs, 1*58 per cent, for the 
rabbits, and 1*16 per cent, for the ptarmigan. The average of these figures 
is 3*27 per cent. The corresponding mean deviations when the tracheal area 
is calculated in percentage of body weight are for the guinea-pigs 33*42 per 
cent., for the rabbits 14*32 per cent., and for the ptarmigan 4*28 per cent., 
giving an average of 17*34 per cent. 
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The ratio between these figures (3*27 and 17*34) is also almost exactly 
the same as that which was found between the corresponding figures in the 
case of the blood volume (2), although in that case the mean deviations 
themselves were much smaller (namely, 1*39 and 7*82 per cent, respectively), 
owing to the much greater intrinsic accuracy of the technique. 

From these figures it is seen that if a series of observations of the tracheal 
area are made and averaged, it follows that if the difference between this 
average and the theoretical value given by our formula is as much as 
7 per cent, the tracheal area is probably abnormal, and if it amounted to 
about 10 per cent, it would be almost certain that the trachea was 
abnormally large or small. But if the measurements were expressed in 
percentage of body weight it would only be possible to say with the same 
degree of certainty that the tracheal area of the animal was abnormal when 
it differed from the calculated value by 50 per cent, or more. 

The inter-relation of the various constants (for surface, blood, aorta, and 
trachea) given in the present and in previous papers, together with its 
significance, will be dealt with in a later communication. But it may here 
be pointed out that the value of n in the expression W"/a = h has now 
been shown to be 0'70-0'72 for the surface area of three different species of 
mammals, for the hlood volume of six mammals, for the aortic area of four 
species of mammals and four species of birds, and for the tracheal area of 
two mammals and one bird. Accordingly we regard our formula W^/a = k 
as a rational formula indicating that the blood volume, the aortic area, and 
the tracheal area are all proportional to the body surface in warm-blooded 
animals. From an examination of the large number of data which we have 
now collected it appears that if one desires rapidly to compare a series of 
individual observations by means of the formula W"/a = Jc, the value 
of Jc may readily be determined approximately by using the power 
I (=0*67) or the power | (= 0*75) instead of the accurate value of 
n (0*70-0*72). The results thus obtained will be approximately correct over 
a moderate range of weight. But as the range of weight increases the 
results deviate from the true values, and those obtained with ^ = f deviate 
more rapidly than those obtained with 7i = |. 

The difference in the relative accuracy of the results given by these two 
values of n has been ascertained in the following manner : — The percentage 
deviations for the surface, the blood volume, the aortic area, and the tracheal 
area for four different species of animal, with " best n,' with n = f , and with 
71 = I, were tabulated, and the figures for these three values of n averaged. 
The final average deviations thus obtained were 2*52 per cent, with 7i taken 
as 0-70-0-72, 3*26 with 7i taken as |, and 3*81 with n taken as f. Thus 
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it appears that the value f for n gives a deviation 1*29 times as great as 
that obtained with the best n^ while if the value of n is taken as f the 
deviation is 1*51 times as greg-t a^s that with t>he best n. 

Accordingly, it is clear that if an approximate value of n is employed for 
the sake of convenience in rapid calculation it is, as a rule^ preferable to 
use the value | rather than f. But wherever observations covering a wide 
range of weight are concerned it is !e3sential to make use of the "best n'' 
in order to obtain reliable results. In this connection it may be noted 
incidentally as a point of interest that the ratio between the deviations just 
quoted for n = % and n = best ti, namely, 3*8i/2*52 {i.e, 1*51), proves to be 
practically identical with the corresponding ratio already given elsewhere (2) 
in the case of the blood volume, namely, 2*08/l*39 (i.e. 1*5). 

Conclusion, 

Within a wide range of weight in any given species of warm-blooded 
animal the sectional area of the lumen of the trachea is proportional to the 
body surface, and can be calculated from the body weight by means of the 
formula T = W^/k, where n has the value 0-70-0*72 and k is the constant to 
be ascertained for each particular species. 
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